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There is a prominent interest in obtaining high-ﬂux neutron generators due to its wide range of
applications and possibilities. The beam current that reaches the target is one of the main factors for
determining the performance of the generator. In the present paper we address the modeling of a
deuteron compact accelerator for neutron generation underlying the electrode placement and
providing an optimized multiple beam accelerator geometry. The methodology consists of electrode
displacement calculations and simulations of the deuteron and neutron beam transport. A phenom-
enological model has been proposed based on experimental data, which provides two electrode
conﬁguration patterns. Both conﬁgurations were compared through electromagnetic simulations
considering a single-beam accelerator-type. The conﬁguration with highest ion current has led to a
new geometry incorporating multiple beams. The ﬁnal prototype presents an interesting beam proﬁle
achieving deuteron kinetic energy in the order of 180 keV and current up to 198 mA. Estimated yield for
this generator was 1012 n/s. A shield was designed, based on Monte Carlo simulations. Dose calculation
was appraised showing a neutron and photon dose rate of 7.73 and 14.50 mGy h1 in front of 46 cm
shield. The achieved design offers a suitable performance toward a compact high-ﬂux neutron
generator.
& 2012 Elsevier B.V. Open access under the Elsevier OA license.1. Introduction
Neutrons hold a negligible electric charge, thus they virtually
do not experiment electromagnetic ﬁelds. Indeed, when they
penetrate in the matter, they can directly impinge on nuclei
producing peculiar interactions. In this process, the nucleus can
scatter or absorb the neutron generating an excited composed
nucleus, which may split in two nuclei or decay producing
radiation, such as fast neutrons, charged particles or gamma
photons [1,2]. These interactions lead to valuable particle pro-
ducts that are the key to remarkable applications including areas
of engineering, environment, science, industry and medicine [3].
There are three basics types of neutron production: nuclear
reactors, radioisotope sources and particle accelerators. Nuclear
reactors can provide high level of neutron ﬂux; nevertheless
reactors are complex, expensive and possess large dimensions.
Besides, reactor technology has proven unsafe. Sealed radioiso-
tope source emits radiation whose strength decays with time.
Hence, these sources are associated with continuum radiation
protection requirements. Another method of neutron generation
is represented by particle accelerators. In this case, the generatorujo),
sevier OA license.can be assembled in compact dimensions. This device provides
advantages over the other two available neutron sources since
it is mobile and able to be turned off. Neutron generators are
generally applied in homeland security [4], medicine [5,6], indus-
try [7,8], geology [9,10], and general research [11,12]. Portable
neutron generators have become extraordinary tools in ﬁeld
applications or facilities with space constraints [13].
The essence of a small size neutron generator comprises
the design of a modern and compact accelerator, a gas-control
reservoir, a plasma and ion source to generate the particle beam,
and a metal target loaded with deuterium (2H) or tritium (3H)
hydrides. The plasma source produces the ions generally through
magnet and electrode conﬁgurations or radio frequency antenna.
Subsequently, the deuterium or tritium ions, deuterons (d) or
tritons (t), are accelerated by an electrode system toward a hydride
target loaded with deuterium, tritium, or a mixture of both; in
which the neutron generation reactions occur. Those reactions are
described by Eq. (1) [14]. The cross-sections in function of energy
for both reactions are shown in Fig. 1. Neutrons are emitted with
energy of 2.45 MeV from d–d and 14.1 MeV from d–t reactions [15]:
dþ2H-3Heþnþ3:27 MeV
dþ3H-4Heþnþ17:6 MeV
(
ð1Þ
Some designs of accelerators for neutron generation are found
in literature [18,19], however, there have been no concerns with
d-d reaction
d-t reaction
Fig. 1. Cross-sections of neutron production for 2H [16] and 3H [17] target bombarded by deuterons.
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tracking simulations. In this paper, we propose a study of elect-
rode positioning in order to obtain a high neutron generation by
optimizing the deuteron current, providing an accelerator conﬁg-
uration based on multiple beams. Herein, the main goal is to
present a design of a compact and linear deuteron accelerator for
neutron generation based on d–d reaction. A mathematical and
physical modeling is approached addressing an improved elec-
trode conﬁguration followed by electromagnetic simulation in the
CST Particle Studio. In addition, a radiation shield is presented
together with the surrounding dose simulation in MCNP-5 code.Fig. 2. Illustrative picture of the electrode arrangement in an accel–decel ion
extraction system. PE, SE, and GND denote the plasma, the suppressor and the
ground electrode, respectively.2. Analytical considerations of the electrode modeling
Ion sources are essentially composed of two parts. One is the
plasma generator that produces ions onto a reservoir. Another is
the ion collector, namely extraction system, which gathers the
ions shaping a beam. The extraction system determines the beam
properties as ion current, emittance, and quality.
Ion extraction system presented here is composed of three
electrodes in an accel–decel arrangement. In this case, ions are
accelerated in the gap between the plasma and suppressor
electrodes and decelerated between the suppressor and ground
electrodes through an electric potential difference. Extraction
system is depicted in Fig. 2. The maximum achieved beam current
depends on the extraction system geometry and the intensity of
the applied electric ﬁeld. We adopt a phenomenological model for
deﬁning the electrode conﬁguration. It starts with the Poisson’s
equation, described as follows:
r2V ¼rE ð2Þ
where V is the voltage, r is the charge density and E is the
permittivity. The volume current density J
!
is deﬁned by the
current I in the orthogonal cross-section area dA? [20], as shown
in the following equation:
J
! Ip^
dA ? ð3Þ
in which p^ is the unitary vector describing the sense of the beam
current. A ﬂowing charge density r, with velocity v!, deﬁnes a
current density given by
J
!¼ r v!: ð4Þ
Fig. 3 illustrates some parameters of the model. The ion emission
surface is considered co-planar with initial deuteron velocity close
to zero.
Final deuteron velocity has a kinetic energy close to several
hundred keV, at the classical mechanics domain. The ion kinetic
energy is provided by the electric potential difference betweenthe plasma and the ground electrode. Therefore, the velocity of an
ion with mass m and charge state z is given by the following
equation:
v¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2zqeV
m
r
ð5Þ
in which qe is the electron charge magnitude.
An analytical solution for ﬁnding the current density in a
bidimensional problem is overly complex [21]. This requires the
simultaneous solution of the force law, the continuity equation,
and the Poisson equation in two dimensions [22]; the results
are neither transparent nor readily usable [23]. In this model,
we consider a unidimensional system to obtain the ion current,
nevertheless the model will be enhanced by the incorporation of
experimental parameters toward a semi-empirical equation.
Replacing v, Eq. (5), into Eq. (4), and expressing r from Eq. (2),
one deﬁnes the following equation:
d2V
dy2
¼ JE
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m
2zqe
r
V1=2: ð6Þ
Adopting boundary conditions as described in Fig. 3, the solution
of Eq. (6) presents the Child–Langmuir law [24,25], which is
shown in Eq. (7). The development of Eq. (6) is presented in
Fig. 3. Geometry and physical parameters. PE is in a potential V and y is the
distance between PE and GND.
Fig. 4. Deuteron current in function of the aspect ratio.
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J¼ 4
9
E
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2zqe
m
r
V3=2
y2
¼ 4
9
E
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2zqe
m
r
V3=2
r2
S2: ð7Þ
The aspect ratio S is deﬁned by r=y, in which r is the radius of a
circular aperture in the electrode. Thereof, the current I can be
presented by the following equation:
I¼ 4
9
pE
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2zqe
m
r
V3=2S2: ð8Þ
In an experimental setup, performed by Coupland et al. [26],
current and the aspect ratio were related as shown in the following
equation:
Ip
S2
1þaS2
: ð9Þ
The parameter a is equal to 3.0, 3.3, and 2.0 with the beam
aperture angle of 71.251, 72.751, and 7101, respectively. In this
case, a probably does not suffer large variation, since the critical
values of S is proportional to the a1=2. Introducing the relation
provided by Eq. (9) into Eq. (8), considering a equals to 3 and the
multiplying factor described by Brown [27], gives the following
equation:
I¼ 4
9
pE 0:279
1þ3S2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2zqe
m
r
V3=2S2: ð10Þ
Coupland et al. [26] provide a formula for the maximum voltage
between electrodes generated by adjustment on their own experi-
mental data whose parameter domain was well deﬁned. This result
is described in the following equation:
VC,max ¼ B
ﬃﬃﬃ
y
p ð11Þ
in which B is equal to 6 104 V cm1=2. A semi-empirical equation
that allows determining the maximum voltage was previously
described by Kilpatrick [28], based on several experiments of others
investigators, data and analytical models, considering the probabil-
ity of ﬁeld-emitted electrons and linear dependence of secondary-
electron emission upon ion energy. This equation results in
VK ,max  1:7 106y2=3: ð12Þ
The current is proportional to the voltage. Then, the maximum
current can be obtained applying the VC,max (Eq. (11)) and VK ,max (Eq.
(12)) in Eq. (10). Fig. 4 describes the deuteron beam current behavior
in function of the aspect ratio to an aperture radius of 5 mm. Ion
current determines a maximum point at S 0:58 and 0.75 based on
Kilpatrick and Coupland data, respectively. These results are used in
this paper for supporting the design of a single aperture extraction
system and its simulation.3. CST simulation
The package CST – Computer Simulation Technology is
employed in the electromagnetic design and simulation. This tool
computes the particles path through a pre-calculated electro-
magnetic ﬁeld. Electric and magnetic ﬁelds are evaluated on a
computation grid, in which the code interpolates the ﬁelds to the
particle position following a linear interpolation scheme. Particle
trajectory equations are based on updates of time (Eq. (13)) and
position (Eq. (14)), as follows:
mnþ1 v!nþ1 ¼mn v!nþqDt E!
nþð1=2Þ
þ v!nþð1=2Þ  B!
nþð1=2Þ 
ð13Þ
r
!nþð3=2Þ ¼ r!nþð1=2Þ þ v!nþ1Dt ð14Þ
where B
!
is the magnetic ﬁeld, q is the particle charge, r
!
is the
particle position, and Dt interval of time. Due to the fact that
plasma source and its simulations were not accomplished; we
assumed in the electromagnetic simulations that the ions have
full mobility and all are available for the beam extraction.
3.1. Kilpatrick and Coupland single-beam simulations
The aperture radius and distance between the plasma and the
ground electrode were speciﬁed and quantiﬁed by the previously
described semi-empirical model. The electrode potentials are
presented in Table 1. Remain parameters were obtained by an
exhaustive setup investigation in simulations, following geo-
metric changes and optimizations. Fig. 5 shows a beam trajectory
in the single-gap accelerator applying the current deﬁnition,
IC (a) and IK (b), according to Eq. (10).
The single-beam tracking for both conﬁgurations were nearly
similar. Data provided by Coupland provide a deuteron current of
28.45 mA, besides Kilpatrick results determine 21.14 mA at the
target. The Coupland Law presents a better ﬁtting for our modeling
based on the domain of the parameters represented by our design.
For that reason, we choose VC,max in the model for designing the
multi-beam accelerator.
3.2. The new multi-beam conﬁguration
It was deﬁned that the six other symmetrically distributed
apertures with the same geometry were employed in the earlier
case in order to increase the deuteron current on the target, as
W.L. Araujo, T.P.R. Campos / Nuclear Instruments and Methods in Physics Research A 679 (2012) 97–102100shown Fig. 6. In addition, a focusing electrode (FE), at a potential
of 30 kV, was designed after the extraction system for collimating
the beams. The electrodes are shown in Fig. 7. The behavior of the
electric ﬁeld can be depicted by equipotential lines. In order to
illustrate it, the potential distribution diagnosis inside the housing of
the accelerator is depicted in Fig. 8. Electric ﬁeld is slightly divergent
in the extraction system apertures; subsequently, the ﬁeld assumes
a convergent proﬁle tending to be parallel as it approaches the
target. Beam path for the multiple beam design is shown in Fig. 9. InTable 1
Electrode parameters.
Electrode Potential (kV)
PE 30
SE 0.9
GND 0
Target 150
Fig. 5. Ion path following the geometry based on data from Kilpatrick and
Coupland.
Fig. 6. Diagram showing the opening position distribution for the multiple beam
conﬁguration.
Fig. 7. Electrode conﬁguration, from the left to right side: PE, SE, GND, FE and thethe simulation, particle collisions were not identiﬁed on the accel-
erator elements. Deuteron current simulated in the multi-beam
design reaches 198.5 mA.4. Shielding system
The yield (g) of the generator, considering a deuteron beam
composed of monoatomic and molecular species impinging on a
titanium target loaded with deuterium, could be appraised con-
sidering the following equation [29]:
g¼ Zdi
e
X2
k ¼ 1
kf k
Z E
0
sdd
dE
dx
dE ð15Þ
where Zd is the number of deuterons per cm
3 in the target, i is the
beam current, sddðEÞ is the neutron production cross-section of
the fusion reaction d–d in function of deuteron beam energy. Ion
species are weighted by their fraction fk and their number of
nuclei k per ion. ðdE=dxÞðEÞ is the molecular stopping power of the
target loaded with deuterium. We apply Bragg’s law of additivity
[30] to determine the stopping power in the target, as shown intarget. (a) Focusing electrode outlined in white and (b) aperture distribution.
Fig. 8. Electrodes and equipotential lines.
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dE
dx
¼ dE
dxM
þZd
dE
dxd
ð16Þ
where the index M and d represents the metal and deuterium on
the target. The stopping power values was obtained by means of
SRIM code [31]. Eq. (15) was solved by numerical integration,
discretizing the energy in intervals of 30 keV and considering the
deuterium density in the target rd equals to 3.76 g cm
3 [32].
Literature does not provide enough cross-section data of d–d
fusion in energies less than 100 keV in order to be possible to
reduce signiﬁcantly the adopted value. The interval reduction will
require an interpolation of the experimental data. However, we
can expect a soft variation of the d–d cross-section at low energy
(more critical and unknown data). Therefore, an interpolation
cannot bring abrupt alteration on the integral and therefore on
the neutron yield. Zd is given by rdðNA=ATidÞ, where NA is the
Avogadro number and ATid the hydride atomic mass. The resultFig. 9. Electrodes, multi-beam trajectory and energy proﬁle.
38.6 cm
46 cm
2
1
Fig. 10. Neutron generator and shielding structure in MCNprovides a neutron yield in order to 1012 n s1. The yield estima-
tion allows the modeling of the neutron generator shielding
system, which was designed and simulated on MCNP-5 code
[33]. Shielding structure has a parallelepiped shape composed of
5% borated polyethylene with density of 0.0365 lb in.3 Fig. 10
presents the generator, the shielding system and spherical detec-
tors used to evaluate the dose near to the generator. In this
simulation, neutron source is considered as a 6.2 cm diameter
circular disc at the target surface emitting 2.45 MeV neutrons
isotropically. Two detectors with radius of 2.3 cm are located at
4.0 cm from the shielding structure in opposite sides relative to
the axis of the generator, and another is positioned in the axis
of the generator at the same distance from the shield. These
shielding dimensions was obtained after geometric adjustments
and dose calculations. As result, the dose rate evaluated in the
detector 1 registered 14.50 for neutrons and 7.73 mGy h1
for photons, while detector 2 determined 40.17 for neutrons
and 51.61 mGy h1 for photons. Detector behind the generator
in Fig. 10(a) provided 39.91 for neutrons and 51.86 mGy h1 for
photons.5. Conclusion
The neutron yield, deuteron current and electrode conﬁgura-
tions are provided by the present modeling and electromagnetic
simulations. Multi-beam conﬁgurations can be evaluated follow-
ing this modeling in according to any particular application
requirements. The accelerator with the geometry and potentials
proposed here achieves a deuteron current of 198 mA with energy
of 180 keV at the target through CST simulation. The neutron
yield of 1012 n s1 from the present conﬁguration motivates
experimental device assembling to evaluate the beam optics
and target interactions. A compact neutron d–d type generator
with such features would be of extreme interest for medical
applications. This device can provide feasible neutron ﬂux that
can be managed intermittently in treatments like BNCT. Suitable
ion source experiments shall improve the present model for
electrode positioning in order of obtaining better performances
in the neutron generation. For now, our design presents a
compact and high current deuteron accelerator for multi-P-5. (a) Shielding surrounding and (b) the generator.
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carried out in the near future.Appendix A. Development of the differential equation
Multiplying Eq. (8) by dV=dy:
dV
dy
d2V
dy2
¼ JE
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m
2zqe
r
V1=2
dV
dy
: ðA:1Þ
The minus sign present in Eq. (8) is irrelevant in this model since
it just indicates the direction of the particle beam. The develop-
ment of Eq. (A.1) generates:
dV
dy
d
dy
dV
dy
 
¼ JE
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m
2zqe
r
V1=2
dV
dy
)
Z
dV
dy
d
dV
dy
 
¼ JE
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m
2zqe
r Z
V1=2 dV
results
dV
dy
 2
¼ 4 JE
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m
2zqe
r
V1=2þC: ðA:2Þ
Thus, calculating:
dV
dy
¼ kV1=4 ðA:3Þ
one obtains
4
3
V3=4 ¼ kyþc: ðA:4Þ
The boundary condition states V¼0 in y¼0. Therefore, Eq. (A.4)
provides
k2 ¼ 16
9y2
V3=2: ðA:5Þ
Arising Eq. (A.3) to square, and replacing k in the following
equation results
dV
dy
 2
¼ 16
9
V3=2V1=2: ðA:6Þ
Comparing Eqs. (A.2) to (A.6), the current density can be deter-
mined as described by the following equation:
J¼ 4
9
E
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2zqe
m
r
V3=2
y2
¼ 4
9
E
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2zqe
m
r
V3=2
r2
S2: ðA:7Þ
In order to ﬁnd the beam current, the current density must be
multiplied, in Eq. (A.7), by the circular aperture area pr2. There-
fore, Eq. (8) is written.References
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